Accurate measurements and simulations of Greenland Ice Sheet (GrIS) surface albedo are 18 essential, given the role of surface albedo in modulating the amount of absorbed solar 19 radiation and meltwater production. In this study, we assess the spatio-temporal variability of 20 accumulation area that is not confirmed by either the model or in situ observations. These 6 findings appear to contradict a previous study that found an agreement between in situ and 7 MODIS trends for individual months. The results indicate a need for further evaluation of 8 high elevation albedo trends, a reconciliation of MODIS mean albedo at high latitudes, and 9
low variability compared with observations. We infer that these differences are the result of a 1 positive bias in simulated bare-ice albedo.
MODIS products show a decline in JJA albedo of -0.03 to -0.04 per decade for regions within the 5 accumulation area that is not confirmed by either the model or in situ observations. These 6 findings appear to contradict a previous study that found an agreement between in situ and 7 MODIS trends for individual months. The results indicate a need for further evaluation of 8 high elevation albedo trends, a reconciliation of MODIS mean albedo at high latitudes, and 9 the importance of accurately simulating bare ice albedo in RCMs. 10
Introduction 12
Over the past decade, the Greenland Ice Sheet (GrIS) has simultaneously experienced where considerable melting occurs. Because of the impact of albedo on the surface energy 22 balance, it is crucial to assess the performance of models that simulate albedo over the GrIS 23 and the quality of albedo estimates from remote sensing or in situ observations. These 24 assessments are pivotal for improving our understanding of the physical processes leading to 25 accelerating mass loss, and for improving projections for the next decades. 26 Several studies that have investigated GrIS albedo trends and variability have primarily relied 27 on satellite measurements, particularly those collected by the Moderate Resolution Imaging 28 Spectroradiometer (MODIS) (e.g. Stroeve et al. 2005 Stroeve et al. , 2006 Stroeve et al. , 2013 Box et al. 2012 ). Remote 29 sensing measurements can capture changes at large spatial scales and for long periods, 30
continuously (with the exception of cases when the surface is obscured by clouds). Previous 31 studies have found MODIS albedo products to agree reasonably well with in situ data, 32 especially with regards to capturing the seasonal albedo cycle and mean seasonal values in 1 regions where variability is small (Stroeve et al., 2005 (Stroeve et al., , 2006 (Stroeve et al., , 2013 , but lower accuracy at 2 high solar zenith angles has been identified (Stroeve et al. 2005 (Stroeve et al. , 2006 , limiting the periods 3 and locations for which these data can be used. Nevertheless, given their relatively high 4 temporal and spatial resolution, these products are useful for evaluating albedo derived from 5 regional climate models (RCMS). RCMs are an important tool for estimating both current 6 and future changes in the GrIS SMB (Box and In this paper, we report the results of an assessment of GrIS albedo spatio-temporal variability 12 and trends for the period 2000-2013. To our knowledge, this is the first time that a multi-tool 13 integrated assessment of albedo over Greenland is presented. We use (1) data from two 14 remote sensing products from the Moderate Resolution Imaging Spectroradiometer (MODIS), 15 the MOD10A1 daily albedo product (Hall et al., 2012) and MCD43A3 16 day albedo product 16 (Schaaf et al., 2002) , (2) in situ albedo data from the Greenland Climate Network (GC-Net, 17 Steffen et al., 1996) and Kangerlussuaq-Transect The role of potential errors associated with differences in 22 spectral range between satellite and in situ data and cloud cover have been considered and 23 corrected for when possible. 24
Data and Methods 25

The MAR model 26
The Modèle Atmosphérique Régionale (Gallée and Schayes 1994; Gallée, 1997; Lefebre et 27 al., 2003) , abbreviated MAR, is a coupled land-atmosphere regional climate model featuring 28 between snow layers, and reproduces snow grain properties and their effect on surface albedo. 1 The model setup used here is described in detail by Fettweis (2007) . We primarily use a 2 recent version of MAR (v3.2), which features changes to the albedo scheme relative to 3 previous versions (v1 and v2), detailed in Section 2.2, but also examine differences between 4 MAR v3.2 and a previous version, MAR v2.0. MAR v3.2 (v2.0) has been run at a 25 km 5 horizontal resolution for the period 1958-2013 (1958-2012) . Both model versions are forced 6 at the lateral boundaries and ocean surface and initialized with 6-hourly reanalysis outputs 7 from the European Centre for Medium-Range Weather Forecasts (ECMWF), using the ERA- together with the locations of the weather stations used in this study. In this study, areas 22 below the mean 2000-2013 equilibrium line as defined by MAR are collectively referred to as 23 the "ablation area", while areas above this line are referred to as the "accumulation area". 24
The MAR albedo scheme 25
The basis for the MAR albedo scheme is described in detail by Brun et al. (1992) and Lefebre 26 et al. (2003) . MAR snow albedo (α) depends on the optical diameter of snow grains (d), 27 which is in turn a function of other snow grain properties, such as grain size, sphericity and 28 dendricity. In the model, the sphericity, dendricity, and size of snow grains are a function ofInterval 1, visible (0.3 -0.8 µm):
Interval 2, near infrared (0.8 -1.5 µm):
Interval 3, far infrared (1.5 -2.8 µm):
where α 1 , α 2 , and α 3 are wavelength dependent albedo values. The integrated snow albedo 4 (α S ) for the range 0.3 to 2.8 µm is a weighted average of albedo over these intervals based on 5 solar irradiance fractions: 6
The minimum albedo of snow is set to 0.65. In MAR v2.0, bare ice albedo was simply 8 assigned a fixed value. In MAR v3.2 (the version primarily used here), bare ice albedo is a 9 function of accumulated surface water following the parameterizations of Lefebre et al. 10 (2003) , described below. In the case of bare ice (which occurs in MAR when the surface 11 snow density is greater than 920 kg m -3 ) ice albedo (a I ) is given by: 12
Where α I,min and α I,max are the minimum and maximum bare ice albedo, K is a scale factor (set 14 to 200 kg/m 2 ), and M SW (t) is the time-dependent accumulated amount of excessive surface 15 meltwater before runoff (in kg m -2 ). According to the parameterization of Zuo and Oerlemans 16 (1996) , there is delay in MAR v3.2 between the production of meltwater and evacuation 17 towards the oceans (Lefebre et al., 2003) , in order to account for the reduction of bare ice 18 albedo due to the presence of surface water. The ice surface albedo (α I ) will therefore be 19 lower if the melt rate is higher, asymptotically approaching the minimum bare ice albedo. 20
Additionally, to ensure temporal continuity in simulated albedo, values of albedo between the 21 maximum bare ice and minimum snow albedo are possible when the surface (or near-surface) 22 snow density lies between 830 and 920 kg m -3 . In this case (which corresponds to the 23 presence of firn), albedo (α I ) is a function of density as follows (Lefebre et al., 2003) : 24
where α S,min is the minimum albedo of snow, ρ I is the density of the upper firn layer, and ρ C is 26 the density at which pores within firn close off (830 kg m -3 ). For the reader's convenience, 27 Table 1 provides the range of possible albedo values for ice, firn, and snow in MAR v2.0 and 1
v3.2. 2
In cases where there is a snowpack with a thickness of <10 cm overlaying ice or firn (with a 3 density greater than 830 kg m -3 ), excluding the case of ice lenses, albedo is interpolated 4 between the ice albedo and the surface snow albedo as a linear function of snowpackand time periods were excluded from this analysis. These stations are included in Table 2 . In 1 particular, measured albedo at Swiss Camp for the year 2012 appeared to be unrealistically 2 high relative to previous years and was excluded (mean measured JJA albedo for 2012 was greater than 25% of data were missing for a given pixel. When differences between datasets 21 or between satellite data and model results are calculated, we only use measurements or 22 results that overlap in time and space, to avoid the possibility of biases introduced by missing 23 data. The mean difference between two samples for a given grid box was deemed to be 24 statistically significant if the p-value for a two-sample Student's t-test was smaller than 0.05. 25
Unless otherwise specified, we use only "good quality" MODIS data in comparisons. 26 In some cases, observational data or model results have been spatially averaged or aggregated 27 within the ablation and accumulation areas defined using MAR v3.2 or v2.0. The ablation 28 (accumulation) area is defined as the area that experienced a net loss (gain) of mass over the 29
For analyses of temporal variability, we consider daily variability, for which MOD10A1 data, 1 in situ values, and MAR outputs available, as well as variability over 16-day MCD43A3 2 periods. In the case of the analysis of 16-day data, MOD10A1, MAR, and in situ daily data 3 are averaged to produce a value for each overlapping MCD43A3 16-day period.
We 4 examine the correlation between daily satellite data and between satellite data and model 5 results using Pearson's coefficient of determination (r 2 ). 6
To compare the distribution of ablation area albedo for satellite data and MAR model 7 outputs, we produced frequency histograms for ablation area albedo using a bin width of 8 0.0099. Parameters for the best fit of a bimodal distribution to the histograms was obtained 9 using the maximum likelihood estimation function in MATLAB, assuming a bimodal normal 10 distribution for the fit. low-elevation areas in the ablation area dominated by lower albedo values (<0.7 on average, 28 Table 3 ) due to the presence of meltwater and bare ice, and high elevation areas by relatively 29 higher albedo (>0.74). The most obvious discrepancy between the satellite products occurs 30 north of 70°N, where the MOD10A1 daily product exhibits an increase in albedo withlatitude, while MCD43A3 points to the opposite. The difference between the two satellite 1 products (Fig. 3a) is statistically significant (at the 95% confidence level) above 70°N, 2 reaching ~0.08 (for albedo ranging between 0 and 1) at the highest latitudes. 3
The pattern of differences between MAR v3.2 and the two satellite products ( Fig. 3b and c ) 4 appears to vary with both elevation and latitude, while the difference between the two satellite 5 products varies primarily with latitude ( Fig. 3a) . Because any systematic biases in the 6 satellite products are likely to be relatively consistent across space (at least as a function of 7 longitude), it is likely that MAR v3.2 biases contribute to some of the elevational differences overestimates albedo (up to ~0.1) relative to both satellite products. The mean ablation area 12 albedo from MOD10A1 (0.68 ± 0.07) is identical to MAR mean ablation area albedo (Table  13 3), despite the large positive bias in MAR albedo within the west coast ablation area that can 14 be seen in Fig. 3 . This is likely a result of a positive bias for MOD10A1 at high latitudes, as 15 will be discussed further below. For areas north of 70°N, the discrepancy between satellite 16 products makes it impossible to determine the magnitude and direction of MAR biases. 17 (Table 4) . These results appear to be consistent with a 30 positive bias in GC-Net measurements identified by Stroeve et al. (2005) . However, we also 31 find that the difference between in situ and satellite albedo is larger at K-Transect stations 32 (+0.08) than at GC-Net sites (+0.04), and K-Transect data are not expected to exhibit the 1 positive bias. It is likely that the high spatial variability of ablation area albedo contributes to 2 the differences. Data from in situ stations may be positively biased relative to satellite data 3 because of a bias introduced by station locations: locations are not chosen to be within 4 streams, lakes, or crevasses, which have a lower albedo. In the acccumulation zone, a lack of 5 variation in surface features likely leads to smaller spatial variations in albedo. 6
Mean 2000-2012 JJA albedo values for ablation area GC-Net stations with a record of at least 7 7 years does not appear to exhibit a clear variation with latitude when compared with satellite 8 data and model results (Fig. 5) . GC-Net albedo at stations north of 70°N is on average larger 9 by 0.02 relative to stations south of 70°N ( Table 4 that for GC-Net stations. The difference does not vary with latitude, but is rather lowest in 22 the ablation area, where bare ice is exposed during summer months, is largest in regions 23 where melting occurs, but bare ice exposure is infrequent, and is relatively small at high 24
elevations. 25
The spatial variability of the difference appears to be associated with the differences in 26 spectral albedo between different materials. Because ice does not exhibit the spectral 27 dependence of albedo that snow does (Hall and Martinec, 1985) , the difference between 28 MCD43A3 visible and shortwave albedo is lower in the albation area, where bare ice is 29 exposed during summer. In locations where melting occurs, snow grains tend to be larger 30 because of constructive metamorphism, reducing reflectance mostly in the near infrared bandinfrared reflectance. This suggests that in situ albedo values do not exhibit the decrease of 1 albedo with latitude suggested by MCD43A3. 2
Albedo temporal variability 3
The standard deviation of albedo time-series provides information on the magnitude of its 4 temporal variability. Within the low elevation ablation area of the ice sheet, both MAR and 5 the MODIS products exhibit a relatively high standard deviation for the 2000-2013 period 6 (0.07 on average for 16 day periods; Fig. 7 , Table 3 ). At high elevations, variability is smaller 7 (0.02 to 0.03 on average for 16 day periods). The MCD43A3 and MOD10A1 products show 8 similar spatial patterns of standard deviation when the daily product is averaged over 16 day 9 MODIS periods ( Fig. 7a and c) . Table 3 (Fig. 8a) . Poor correlation in this area is likely a result of 26 the low standard deviation of albedo which falls within the uncertainty range for MODIS. 27
Maps of the coefficient of determination between MAR and MODIS ( Fig. 8b and c) indicate 28 that MAR v3.2 captures more than 50% of the ablation area variability detected by satellite 29 products for 16 day periods and more than 25% for daily periods. It is, however, important to 30 note that the daily variability from MOD10A1 is partially driven by cloud artifacts retained in 31 the MOD10A1 product (Box et al., 2012) . Again, in the accumulation area, it is difficult to 32 draw any conclusions regarding correlation, as the variability in albedo is smaller than the 1 assumed uncertainty for the MODIS products. 2
Albedo spatio-temporal variability 3
Further insights into the consitency of spatio-temporal variations in albedo between MODIS 4 products and between MAR and MODIS products can be drawn from scatter plots for all 5 MCD43A3 vs. MOD10A1 2000-2013 JJA albedo values (Fig. 9a) and MAR vs. MODIS 6 values ( Fig. 9b-d) . Figure 9a indicates that MCD43A3 albedo is lower (by 0.03 on average) 7 compared to MOD10A1 albedo, consistent with the significant difference between the 8 products at high latitudes seen in Fig. 3a . There is a fairly good correlation between 9 MCD43A3 and MOD10A1 (r 2 = 0.66) and the slope of the best linear fit (0.83) is close to 1. 10
When MAR is compared with MCD43A3 and MOD10A1 over 16 day periods (Fig. 9b and  11 c), the correlation between MAR and satellite data is as good or better than the correlation 12 On a daily basis, MOD10A1 albedo exhibits a nearly 1 : 1 relationship with daily in situmeasurements, the correlation is lower relative to the 16 day comparison (r 2 =0.74), while the 1 slope of the best fit line does not change substantially (slope = 0.65). 2
In situ and satellite data and MAR v3.2 outputs all indicate that spatiotemporal variability of 3 albedo is higher in the ablation area (where the standard deviation of albedo is ~0.13) than in 4 the accumulation area (standard deviation of ~0.04). This is to be expected, given that the 5 ablation area undergoes a substantial seasonal cycle in melting. (Table 1) . 14 Scatter plots for MAR vs. MODIS 2000-2012 JJA albedo in the ablation area, along with 15 frequency histograms and best fit curves of the distribution (Fig. 11) suggest that there is a 16 bimodal distribution of ablation area albedo, which we attribute to the presence of two main 17 surface types, ice (and firn) and snow. Pixels classified by MAR as having bare ice (or firn, 18 surface density > 830 kg m -3 ) for at least 8 days of each 16 day period coincide with one of 19 the peaks in the bimodal distributions (Fig. 11) . 20 There are differences in the observed distributions, however. MAR v2.0 exhibits a clustering 21 of albedo values above 0.65 and below 0.55 (Fig. 11a) . MCD43A3 exhibits an overlap in the 22 distribution of the two modes, and there is a wider range of low albedo values (σ=0.10 for 23 MCD43A3 and 0.05 for MAR for the best fit of the lower albedo peak; Table 5 ). The MAR 24 v3.2 distribution exhibits a slightly wider range of low albedo values (σ=0.06 for the low 25 albedo peak) with a mean that is positively shifted relative to MAR v2.0 (µ=0.61 vs. 0.50) 26 (Fig. 11b) . MOD10A1 does not appear to exhibit a bimodal distribution with two distinct 27 peaks, but the best-fit curve agrees qualitatively with the observed distribution (Fig. 11c) . 28
The higher uncertainty and therefore increased variability for the MOD10A1 product ( Fig. 6; bimodal distribution from MOD10A1 has a higher standard deviation of albedo for the higher 1 albedo peak (σ = 0.06 for MOD10A1 vs. 0.04 for MCD43A3; Table 5 (Fig. 12a) . Rather than being positively biased relative to MODIS 5 (as is the case for MAR v3.2 as shown in Fig. 3) , MAR v2.0 albedo is either negatively biased 6 or is not significantly different from MODIS data (Fig. 12b and c) . The difference in albedo 7 scheme is the major difference between MAR v3.2 and MAR v2.0, and it results in a 8 significant difference in SMB (Fig. 12d) . The average ablation area JJA SMB for MAR v3. Table 6 ). The magnitude of the trends varies 29 between MAR v3.2, MODIS and in situ data at individual stations. These differences can beThis can potentially lead to trends at a weather station that are substantially different from 1 trends within a 500 m MODIS grid box containing the location of that weather station. At 2 higher elevations, this factor is less important as there is less spatio-temporal variability in 3 albedo (Figs. 9 and 10) . Within the accumulation area, trends at weather stations are generally 4 within ±0.01 per decade of MAR trends; they are generally not statistically significant and are 5 close to zero, unlike MODIS estimates, which show trends ranging between -0.01 and -0.07 6 per decade (Table 6) Table 4 ). The increase with 10 latitude at local stations is likely unaffected by differences in spectral range between MODIS 11 and in situ sensors (Fig. 10) . 12
Theoretically, snow albedo is expected to increase with increasing solar zenith angle, It should also be noted that the MOD10A1 product, to the contrary, may be positively biased 26 above 70°N, given that it is comparable with uncorrected GC-Net data, which are likely 27 positively biased (Fig. 5) . We do not have a reasonable explanation for this potential bias, but 28 as noted by Box et al. (2012) , the MOD10A1 product contains artifacts that have not been 29 removed during quality control, even for "good quality" data. The in situ observations offor snow under clear-sky conditions. Part of the reason for discrepancies in the latitudinal 1 dependence of albedo may be associated with biases resulting from viewing geometry or sun 2 angle, which vary with latitude, making it difficult to draw conclusions from the various 3 observational datasets as to "true" variations in albedo with latitude. 4
Differences between MAR v3.2, MAR v2.0 and observations
5
The major difference between MAR v3.2 albedo and observed albedo is an overall positive 6 bias in the ablation area. This bias can be seen most clearly as a difference of ~0.1 between 7 MAR v3.2 and the two MODIS products along the west coast ablation area in Fig. 3b and c,  8 and in a difference between MAR v3.2 and both MODIS products of 0.06 at in situ stations 9 (with low elevation stations mostly located in the west coast ablation area). Mean ablation 10 area albedo from local stations is also comparable with coincident MAR v3.2 albedo (Table  11 4), but local station measurements are likely positively biased, further confirming a positive 12 MAR bias in this area. 13 Scatter plots of ablation area albedo appear to confirm this: when MAR v3.2 is compared 14 with both MODIS data and in situ measurements (Figs. 9b, c and 10c ) the result is a best fit 15 line with a slope smaller than one. Additionally in the same area where MAR v3.2 appears 16 positively biased in the west coast ablation area, MODIS exhibits relatively high variability 17 compared with MAR v3.2 (as discussed in Sect. 3.3; Fig. 7) . 18 Biases in MAR ablation area albedo are related to its ability to capture the observed bimodal 19 distribution in ablation zone albedo (Fig 11) albedo that is too high will also lead to a smaller difference between the albedo values of 25 melting snow and bare ice, reducing temporal variations in ablation area albedo, resulting in 26 the relatively low variability from MAR v3.2 (Fig. 7) . 27
An examination of Fig. 11 indicates that the low albedo peak for MAR v3.2 is closer to being 28 normally distributed compared with the peak for MAR v2.0, and therefore better matches the 29 distribution from MCD43A3. However, the MAR v3.2 parameterization overestimates thealbedo peak for MODIS albedo (σ=0.06 for MAR v3.2 and σ=0.10 for both MODIS 1 products). The results suggest that although MAR v3.2 appears to correct a low albedo bias 2 present in MAR v2.0, and introduces a somewhat more realistic distribution of albedo in the 3 ablation area, it also introduces a positive albedo bias, particularly along the west coast 4 ablation zone, which is rich in impurities. 5
MAR albedo is only a function of accumulated meltwater and does not explicitly take into 6 account the presence of dust, surface lakes and surface streams, including the West Greenland 7 "dark zone" (van de Wal and Oerlemans, 1994; Wientjes and Oerlemans, 2010), which 8 reduces bare ice albedo and likely introduces increased ablation area albedo variability. 9
Assigning a wider range of MAR albedo values for bare ice (which has been implemented in 10 most recent release of MAR, v3.4) may improve its representation of the distribution of bare 11 ice albedo, but may not necessarily improve its ability to capture the spatial distribution of 12 ablation area albedo. This could potentially be achieved through the inclusion of an explicit 13 representation of dust and sub-grid-scale hydrology in the model. 14 instrument sensitivity does not substantially affect GrIS albedo trends, because they find 27 larger trends in GC-Net data relative to MOD10A1 for 70% of cases where trends are deemed 28 to be significant. We do not find JJA GC-Net trends larger than those of MODIS, except 29 within the ablation area, with high local variability, in contrast to the findings of Box et al.
Discrepancies in accumulation area trends
(2012). Differences in trends may result from the fact that here we have focused on trends for 1 the entire JJA period rather than on monthly trends, and calculate trends for 16 day albedo 2 values rather than calculating a monthly albedo from integrated fluxes over a 1-month period, 3 as was done by Box et al. (2012) . We also investigated the possibility that the smaller 4 spectral interval of GC-Net data influences trends by comparing MCD43A3 visible vs. 5 shortwave albedo trends, but did not find the trends to be significantly different from each 6 other. We are not able to confirm that the larger trends from MODIS are associated with 7 declining instrument sensitivity, as this analysis is outside the scope of this study. However, 8 the findings of this study seem consistent with this possibility and this is suggested as a topic 9 for future research. 10 11
Conclusions 12
We have examined spatio-temporal variability and trends in GrIS albedo using in situ with which surface albedo must be modeled for a given region. Analysis of spatiotemporal 23 variations in albedo across different spatial scales (including at a higher spatial resolution than 24 has been examined here) may also become increasingly important as models operate at higher 25 spatial resolutions, and as we seek to understand the GrIS surface mass and energy budget in 26 greater detail. Given the strong relationship between surface albedo and SMB, these future 27 studies are crucial for efforts aiming at estimating and predicting the impact of current and 28 future climate change on GrIS SMB. Table 5 . Mean and standard deviation for the best fit to the distributions of ablation area 1 albedo shown in Fig. 12 (assuming that the appropriate distribution is a combination of two 2 normal distributions). SMB is negative (Fig. 1) , a positive SMB bias indicates a net mass loss that is reduced in 6 magnitude. Grid boxes where differences are not significant at the 95% confidence level are 7 marked with a black "x". Grid boxes where trends are not significant at the 95% confidence level are marked with a 4 black "x". 5 6
